Objective: To evaluate the efficacy of axillary artery cannulation for early embolic stroke and operative mortality, we retrospectively compared the outcomes between patients with or without axillary artery cannulation during open aortic arch repair with circulatory arrest.
Results: After propensity score matching, the patients' characteristics were comparable between the groups (n ¼ 116 in each). The incidences of acute type A dissection, aortic rupture, shock, or emergency operation were similar between groups. The incidence of early embolic stroke was significantly lower in axillary group (n ¼ 3 [2.6%] vs n ¼ 10 [8.6%]; P ¼ .046). Also, 30-day mortality (n ¼ 3 [2.6%] vs n ¼ 10 [8.6%]; P ¼ .046) and in-hospital mortality (n ¼ 3 [2.6%] vs n ¼ 11 [9.5%]; P ¼ .027) occurred significantly lower in the axillary group. Incidences of stroke and 30-day mortality in axillary and nonaxillary groups.
Central Message
In patients undergoing open aortic arch repair with circulatory arrest using antegrade cerebral perfusion, axillary artery cannulation could reduce the early embolic stroke and early mortality. Open aortic arch repair with a combination of hypothermic circulatory arrest and antegrade cerebral perfusion (ACP) or retrograde cerebral perfusion is a well-established option for various aortic pathologies with validated efficacy. [1] [2] [3] [4] However, postoperative neurologic complication is still a critical issue and among the major causes of morbidity and mortality after open arch repair.
The major cause of stroke after open arch surgery is embolism, rather than inadequate global cerebral protection. 5, 6 Most embolic strokes are caused by mobilization of aortic atheroma, which is associated with aortic manipulation and, more commonly, a sandblasting effect of the arterial jet that is derived from an inflow cannula. 7 Therefore, a variety of cannulation strategies have been introduced, and evidence now suggests that axillary artery cannulation is more beneficial than other cannulation sites because it preserves antegrade flow in the aortic arch and descending aorta, thereby reducing the risk for embolization and facilitating the administration of selective antegrade cerebral perfusion during aortic arch repair. [8] [9] [10] This also lowers the potential for embolization into right-sided cerebral vessels by perfusing them with a flow, which has not passed through the arch. 8 These results led the authors of the 2014 European Society of Cardiology Guidelines on the Diagnosis and Treatment of Aortic Diseases to recommend that the axillary artery should be considered the first choice for cannulation for surgery of the aortic arch, including treatment of aortic dissection. 11 Current reports also showed that the preferred first-choice arterial cannulation site was the axillary artery, regardless of the acuteness or aortic pathology. 12 However, a general recommendation for the use of the axillary artery cannulation during aortic arch repair has not yet been advocated because of the lack of randomized trials and the insufficient level of evidence, and because the studies on this topic have had inconsistent inclusion criteria. 13, 14 To verify our hypothesis that the axillary artery cannulation might reduce the early embolic stroke and operative mortality, we retrospectively compared the outcomes between patients with or without axillary artery cannulation during open aortic arch repair with circulatory arrest.
METHODS
This retrospective study was approved by the institutional review board of Yonsei University Health System (institutional review board protocol No. 4-2018-0506). The requirement for patient consent was waived because courses of treatment were unchanged and the study database was designed to protect patient anonymity.
Study Population
Between January 2004 and December 2017, 511 patients underwent open aortic arch repair with circulatory arrest at our institution. Patients who received aortic arch repair concomitant with descending thoracic aorta or thoracoabdominal aorta repair using thoracotomy, hybrid aortic interventions such as arch stenting with arch vessels debranching, and salvage operation following cardiopulmonary resuscitation were excluded. Patients who were performed surgery with retrograde cerebral perfusion (n ¼ 43) were also excluded and remaining 468 patients were enrolled in this study.
We divided the 468 patients into 2 groups according to the site of arterial cannulation: patients in whom the axillary artery was the site of cannulation (axillary group, n ¼ 352), and those in which other sites were used for cannulation (nonaxillary group, n ¼ 116). In the axillary group, arterial inflow cannulation sites included the right axillary artery alone (n ¼ 177 [50%]), the axillary artery with the femoral artery (n ¼ 152 [43%]), and the axillary artery with the ascending aorta (n ¼ 23 [7%]). In the nonaxillary group, they included the femoral artery (n ¼ 63 [54%]) and ascending aorta (n ¼ 53 [46%]) ( Figure 1, A) .
Technique for Axillary Artery Cannulation
Arterial pressure was routinely measured at a right radial artery. After the median sternotomy, with the patient in a supine position, a transverse skin incision was made below the middle and lateral part of the right clavicle. A pectoralis major muscle was separated, and the axillary artery was identified by palpation and then gently dissected and mobilized. The axillary artery was defined as that part beyond the outer edge of the first rib. The artery was then controlled with loops of elastomer tape. After the administration of heparin, the axillary artery was clamped both proximally and distally with vessel clamps and a transverse arteriotomy was carried out. Then, an 8-mm tube graft was anastomosed to the axillary artery and the arterial cannula was anchored to the graft using several ties of silk (Video 1). Our cannulation strategy over time is summarized in Figure E1 .
Technique for Cerebral Perfusion
All patients were monitored with simultaneous right radial and femoral arterial pressure lines, bilateral brain near infrared spectroscopy, and nasopharyngeal and bladder temperature probes. During circulatory arrest, patients in the axillary group experienced continuous cerebral perfusion with cold blood (22 C-25 C) at a flow rate of 10 to 12 mL/kg/min to reach a target right radial arterial pressure of 50 to 70 mm Hg using the axillary artery. Unilateral ACP was the selected initial strategy in all patients, with the option of adding the use of a left carotid perfusion cannula based on the near infrared spectroscopy monitoring. Use of unilateral ACP or bilateral ACP based on the near infrared spectroscopy monitoring was decided by surgeon preference in both axillary and nonaxillary groups.
Data Collection and Outcome Measurements
Preoperative data, perioperative data, and postoperative early outcomes were collected by reviewing medical records. The primary study end point was postoperative early embolic stroke, and the secondary end points were in-hospital mortality and major operative complications (ie, seizure, reoperation for bleeding, newly required dialysis, prolonged intubation [>48 hours] or tracheostomy, deep sternal wound infection, and sepsis).
Embolic stroke was defined as a physician-diagnosed new postoperative neurologic deficit lasting more than 72 hours, generally confirmed by computed tomography or magnetic resonance imaging, occurring during hospitalization or within 30 days of surgery. This was included only in cases of an embolic cause, and not hypoxic brain damage caused by intraoperative cerebral hypoperfusion, pre-or postoperative shock. Hypoxic brain damage was distinguished from embolic stroke by diffuse brain hypoxia that was not correlated with cerebral artery territories. Right-or left-side stroke was defined as stroke that involved only the right or left hemispheres, respectively, and right-side involvement stroke was defined as all strokes that involved the right hemisphere, including those involving only the right side or both hemispheres. All embolic stroke, hypoxic brain damage, and the affected hemisphere were diagnosed by a radiologist and neurologist after reviewing computed tomography or magnetic resonance imaging.
Statistical Analysis
All data were expressed as the mean AE standard deviation or frequency and percentage. Shapiro-Wilk test was used for normality test. If continuous variables were not normally distributed, they were expressed as median and interquartile range (IQR). Continuous variables were compared Abbreviations and Acronyms ACP ¼ antegrade cerebral perfusion IQR ¼ interquartile range using the Student t test, applying Pearson c 2 test or Fisher exact test for categorical variables. If continuous variables were not normally distributed, Mann-Whitney test was used for comparing the continuous variables.
To balance the baseline characteristics between groups, a propensity score matching technique was used. Both groups were matched in a 1:1 ratio based on the propensity score. By using propensity score matching, 116 patients in the axillary group were propensity matched to 116 patients in the nonaxillary group. The matching was well calibrated (Hosmer-Lemeshow goodness-of-fit c 2 , 0.812; P ¼ .852). Detailed description of propensity score matching is summarized in Figure E2 . For the matched groups, means were compared using the paired Student t test, and frequencies were compared using the McNemar test. If continuous variables were not normally distributed in matched groups, Wilcoxon signed-rank test was used for comparing the continuous variables. The analyses used standard software (SPSS version 22.0 for Windows; IBM-SPSS Inc, Armonk, NY), setting the significance at P <.05.
RESULTS
The median age was 65.0 years (IQR, 54.0-73.0 years) in the axillary group and 62.5 years (IQR, 51.3-71.0 years) in the nonaxillary group (P ¼ .128). The baseline characteristics of the 2 groups were different: the axillary group more likely to have hypertension, coronary artery occlusive disease, chronic obstructive pulmonary disease, and Debakey type I aortic dissection and had larger aortic arch diameter. The nonaxillary group had more incidence of preoperative shock status; experienced mental changes, required intubation, had systolic blood pressure <90 mm Hg, or require vasopressors to maintain systolic blood pressure !90 mm Hg. After propensity score matching, the demographic characteristics of the 2 groups (n ¼ 116 in each) were comparable. Arterial cannulation sites after propensity score matching were descripted in Figure 1 , B. The patients' baseline characteristics are summarized in Table 1 for the propensity-matched population and Table E1 for the unmatched population.
In the propensity score matched population, 37 patients (31.9%) in the axillary group and 41 patients (35.3%) in the nonaxillary group underwent emergent surgery (P ¼ .578). Total arch replacement was performed more in the axillary group, whereas hemiarch replacement was performed more in the nonaxillary group, but the difference was not statistically significant (P ¼ .172). Unilateral ACP was used for 34 patients (29.3%) in the axillary group and for 33 patients (28.4%) in the nonaxillary group (P ¼ .891). Cardiopulmonary bypass time and aorta crossclamp time were similar between the groups, but total circulatory arrest time was significantly longer in axillary group (25. and lowest bladder temperature were similar in both groups ( Table 2) .
Embolic Stroke
In the entire population, early embolic stroke occurred in 22 patients (4.7%). In the propensity score matched population, the axillary group showed significantly lower incidence of stroke (n ¼ 3 [2.6%] vs n ¼ 10 [8.6%]; P ¼ .046) ( Figure 2 ). Right-side involvement stroke occurred significantly more in the nonaxillary group (n ¼ 2 [1.7%] vs n ¼ 10 [8.6%]; P ¼ .018). Seizure that was not accompanied with embolic stroke also occurred significantly more in the nonaxillary group (n ¼ 2 [1.7%] vs n ¼ 12 [10.3%]; P ¼ .006) ( Table 3) .
Operative Death and Early Complications
During the hospitalization period, 29 patients (6.2%) died. In-hospital mortality had tended to decrease over time ( Figure E3 ). In the propensity score matched population, 30-day mortality was significantly lower in the axillary group than in the nonaxillary group (n ¼ 3 [2.6%] vs n ¼ 10 [8.6%]; P ¼ .046). In-hospital mortality was also significantly lower in the axillary group (n ¼ 3 [2.6%] vs n ¼ 11 [9.5%]; P ¼ .027) ( Figure 2 ). The incidence of newly required dialysis and prolonged mechanical ventilation (>48 hours) were significantly higher in nonaxillary group (Table 3) .
DISCUSSION
In this observational study, we compared different cannulation strategies for open arch repair and found that axillary artery cannulation reduced the incidence of early embolic stroke and early mortality compared with femoral artery and ascending aorta cannulation. During the past 2 decades, studies with large numbers of patients have reported the incidence of stroke after open arch repair was approximately 5%, 1, 15 and the outcome has been dramatically improved by innovations in surgical techniques, including brain protection. The widespread use of hypothermic circulatory arrest and selective ACP for cerebral In-hospital mortality 3 (2.6) 11 (9.5) .027
Values for continuous variables are presented as median (interquartile range) and values for categorical variables are presented as n (%).
The Journal of Thoracic and Cardiovascular Surgery c Volume -, Number -5 protection has contributed to the reduction in mortality and stroke rates. 16, 17 Because of these technical advances to prevent cerebral hypoperfusion during circulatory arrest, the major cause of stroke after open arch repair is embolism. 5, 6 Ergin and colleagues 18 concluded that permanent neurologic deficits were due to thromboembolic events and were not related to the type of cerebral protection used. Most embolic strokes during open arch repair are caused by mobilization of aortic atheroma, which is associated with aortic manipulation or retrograde flow from the lower body, and more commonly, by a sandblasting effect of the arterial jet that is derived from an arterial cannula. Therefore, femoral artery cannulation without additional antegrade flow in a severely atherosclerotic and diseased aorta enhances the potential for embolization into the cerebral circulation, producing neurologic injury. 19, 20 In addition, because of the sandblasting effect, the ascending aorta cannulation causes damage to the aortic wall and dislodging of atheroemboli that increases the risk of embolic stroke (Figure 3 ). In the past, several studies have demonstrated the advantage of axillary cannulation in terms of stroke reduction in atherosclerotic aortic disease. 21, 22 Besides atherosclerotic aneurysm, there were several reports, including metaanalyses, that axillary artery cannulation was superior to femoral artery cannulation in reducing the incidence of stroke in patients with acute type A aortic dissection. 9, 23, 24 Wada and colleagues 25 reported the pathologic characteristics of aortic dissection, and they found that 44.4% of aortic dissections had preatheromatous lesions and 55.6% had atheromatous plaques. Moreover, a thrombus was found in most (85.2%) of the false lumens in patients with aortic dissection. Therefore, axillary cannulation also has potential advantages in reducing embolic stroke caused by retrograde embolization and disruption of the atheroma or calcified plaques of femoral cannulation, as well as reducing the risk of false lumen perfusion and postoperative ischemia due to malperfusion.
Our study also found that the incidence of right-side hemisphere stroke was significantly lower in the axillary artery cannulation group. Hemispheric distribution of stroke and subsequent outcomes after open arch repair and the mechanistic distinction between bilateral and unilateral stroke are not fully understood. A possible mechanism is that the continuous antegrade flow from the right axillary artery prevents the embolism from the ascending aorta and retrograde flow of the femoral artery cannulation. Hedberg and colleagues 26 reported early stroke after cardiac surgery was more common in the right rather than the left hemisphere, whereas delayed stroke had a uniform distribution. Individuals with bilateral lesions showed lower survival than those with unilateral lesions, but there was no survival difference between left-and right-hemisphere stroke. Our study did not demonstrate a relationship between hemispheric distribution of stroke and subsequent survival; however, patients with stroke involving the right hemisphere showed a higher tendency of prolonged mechanical ventilation (>48 hours) (68.4% vs 50.0%; P ¼ .630) and prolonged hospital stay (>14 days) (53.8 AE 45.1 days vs 47.7 AE 51.9 days; P ¼ .782), which was not statistically significant. Further studies should be performed to identify the influence of hemispheric distribution of stroke and subsequent clinical outcomes.
In-hospital mortality was significantly lower in the axillary cannulation group. Stroke itself did not show a direct correlation with mortality, but associated complications, such as prolonged mechanical ventilation or acute kidney injury requiring dialysis, adversely influenced early mortality. In our study, the incidence of seizure, newly required dialysis, and prolonged mechanical ventilation were significantly higher in the nonaxillary group. Etz and colleagues 22 also reported a survival benefit of axillary cannulation, and they explained that the reason was the superior brain protection of axillary artery cannulation from embolism, thus reducing neurologic injury.
This study was limited by its retrospective nature. There were differences in patients' characteristics between the axillary and nonaxillary groups, and there was heterogeneity of aorta pathology, and the type of arch repair. To adjust the risk factors and reduce selection bias, we used propensity score matching, but selection bias or unidentified confounding bias may influence the results despite the propensity-matched comparison. Another important limitation of this study was that we did not compare the patients who were used only axillary artery and ascending aorta or only axillary artery and femoral artery. The sample size becomes too low in such categorization, and it made statistical power become too weak to come up with the statistically sufficient results. We did not analyze long-term outcomes, only the early clinical outcomes. Long-term stroke is caused by a variety of factors, so early stroke should be analyzed to identify the impact of arterial cannulation strategies for embolic stroke. And we do not have data measuring the flow distribution according to the cannulation site. The number of enrolled patients were relatively small and about two thirds of patients in axillary group were dropped out after propensity score matching. Finally, we only included symptomatic stroke and there might be a possibility that asymptomatic or subclinical stroke was left off this study. However, it was known that subclinical central nervous system injuries are not associated with inhospital outcomes. 27 
CONCLUSIONS
Right axillary artery cannulation reduced the rate of early embolic stroke and early mortality, including in-hospital and 30-day mortality after open arch repair with circulatory arrest using ACP. Axillary artery cannulation as the arterial cannulation site during open arch repair with circulatory arrest may be helpful in preventing embolic stroke and reducing early mortality.
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